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Aircraf t  p ropuls ion  sys tem des igns  are i n c r e a s i n g  i n  c o m p l e x i t y  i n  o r d e r  t o  
achieve new l e v e l s  of performance. The performance is being  improved i n  terms 
of fue l  e f f ic iency ,  th rus t - to-weight  ra t io ,  and  such  envi ronmenta l  fac tors  as 
noise level and emissions.  These improved turbine engine powerplants w i l l  have 
more inputs  to  be manipulated and more parameters  to  be  measured .  This  fac t  is 
demonstrated by t h e  c h a r t  o f  f i g u r e  1, which  shows the  increase  in  the  numberof  
c o n t r o l l e d   v a r i a b l e s   f o r   v a r i o u s   o p e r a t i o n a l   e n g i n e s .  A s  can   be   s een ,   t h i s  
number has  been increasing with time as engines have been improved. 
Control  systems for  these more complex engines w i l l  be  required to  measure 
a g r e a t e r  number  of v a r i a b l e s  more accu ra t e ly  and then act  upon them i n  o r d e r t o  
proper ly  manipula te  the  mul t ip l ic i ty  of  inputs  to  the  engine  sys tem.  The  con- 
t r o l  system, as a r e s u l t ,  w i l l  b e  a f f e c t e d  i n  two major areas: F i r s t ,  new r ig -  
. orous  and  s t ra ightforward  methods  for   designing  acceptable   control  modes f o r  t h e  
m u l t i p l i c i t y  of i n t e rac t ing  inpu t s  and  ou tpu t s  w i l l  be  required.   Second,  the 
computational requirements of t h e  new, more accu ra t e  con t ro l  modes w i l l  r e q u i r e  
a d i g i t a l  e l e c t r o n i c  computing device instead of the present hydromechanical 
analog  type  of  control  computer.  To addres s   t hese  two r equ i r emen t s ,   c e r t a in  
technology  advances w i l l  be needed. This paper discusses these needs and t h e  
role t h a t  t h e  NASA L e w i s  Research Center, as a Government r e sea rch  o rgan iza t ion ,  
w i l l  p l a y  i n  a t t a c k i n g  c e r t a i n  of these needs.  
TECHNOLOGY NEEDS 
One of the technology needs i s  methodology fo r  des ign ing  con t ro l  modes f o r  
a p rocess  ( tu rb ine  eng ine )  t ha t  i s  both nonl inear  and mult ivar iable .  Recent  ad-  
v a n c e s  i n  a n a l y t i c a l  c o n t r o l  t h e o r y  o f f e r  p o s s i b l e  s o l u t i o n s  t o  t h i s  problem. 
I n  f a c t ,  t h e  symposium of which t h i s  p a p e r  is a p a r t  w a s  devoted  to  d iscuss ing  
how f a r  w e  have progressed toward being able to rigorously design control laws 
f o r  modern a i r c r a f t  e n g i n e s .  S i n c e  a number of o t h e r  p a p e r s  a d d r e s s  t h i s  i s s u e  
qu i t e  adequa te ly ,  no  fu r the r  comments on t h i s  m u l t i v a r i a b l e  c o n t r o l  d e s i g n  prob- 
l e m  are made here in .  However, some ex tens ions  o f  t he  theo ry  to  sa t i s fy  needs  
beyond c o n t r o l  mode s e l e c t i o n  are d i s c u s s e d  1 a t e r ; i n  t h i s  p a p e r .  
The requirement  to  replace the computat ion-l imited hydromechanical  analog 
control ler  being used today with a d i g i t a l  e l e c t r o n i c  c o n t r o l  s y s t e m  is a l r e a d y  
be ing  addres sed  in  an  evo lu t iona ry  f a sh ion .  Th i s  is  shown by the diagram of 
f i g u r e  2. The h igh ly  r e l i ab le  hydromechan ica l  con t ro l s  u sed  fo r , r e l a t ive ly  
simple (from a cont ro l  s tandpoin t )  engines  are already being augmented by a su- 
p e r v i s o r y  d i g i t a l  e l e c t r o n i c  c o n t r o l .  T h i s  a r r a n g e m e n t  is  ope ra t iona l  on  the  
FlOO turbofan engine used on t h e  F-15 and F-16 m i l i t a r y  a i r c r a f t .  F i g u r e  3 i s a  
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cutaway view of t h i s  modem  engine. The supe rv i so ry  e l ec t ron ic  con t ro l  is used 
t o  trim t h e  o p e r a t i o n  of the  hydromechanica l  cont ro l le r .  Ful l  per formance  i s  
only achieved through the use of  the supervisory funct ions.  The superv isory  
control ,  which is  mounted on t h e  s i d e  o f  t h e  e n g i n e ,  is  v ib ra t ion  i so l a t ed  and  
f u e l  c o o l e d  t o  e n a b l e  i t  t o  s u r v i v e  i n  t h a t  h o s t i l e  e n v i r o n m e n t .  S i m i l a r  s u p e r -  
v i s o r y  u n i t s  w i l l  b e  u s e d  o n  t h e  f u t u r e  f l e e t  o f  Boeing 767 commercial a i r c r a f t .  
The move t o  f u l l - a u t h o r i t y  d i g i t a l  c o n t r o l s  i s  being hampered by t h e  relia- 
b i l i t y  c o n c e r n s  s u r r o u n d i n g  e l e c t r o n i c  d e v i c e s  o p e r a t i n g  i n  t h e  h o s t i l e  e n g i n e  
environment .   In   fact ,  as shown i n  f i g u r e  2 ,  f u l l - a u t h o r i t y  d i g i t a l  e l e c t r o n i c  
c o n t r o l s  may f irst  be  used  in  con junc t ion  wi th  l imi t ed -au thor i ty  hydromechani- 
cal  backup c o n t r o l l e r s .   F i n a l l y ,  as conf idence   increases ,   fu l l -au thor i ty  elec- 
t r o n i c  c o n t r o l l e r s  w i t h  e l e c t r o n i c  backup o r  redundancy schemes w i l l  come i n t o  
use.  
F igure  4 shows t h e  q u a n t i t a t i v e  levels o f  r e l i a b i l i t y  c o n c e r n e d  w i t h  pro- 
pu l s ion  con t ro l  dev ices .  Re l i ab i l i t y  he re  is measured as t h e  mean time between 
f a i l u r e s  (MTBF). Mature  hydromechanical  controllers on  commercial  engines now 
exhib i t  about  10 000 t o  20 000 hours MTBF. The e l e c t r o n i c  s u p e r v i s o r y  c o n t r o l  
on t h e  FlOO engine,  however, i s  down near  800 t o  1200 hours MTBF. I f  t h i s  low 
f i g u r e  i s  i n d i c a t i v e  of where the technology is for  turbine-engine mountedelec-  
t r o n i c s ,  a fu l l - au tho r i ty  e l ec t ron ic  con t ro l  has  s ign i f i can t  t echno logy  needs  
before  i t  can  be  accepted  in to  opera t iona l  service. The need  fo r  improvement is 
even  more  pronounced f o r  a vertical-takeoff-and-landing (VTOL) a i r c r a f t .   F l i g h t  ~ 
c o n t r o l  r e l i a b i l i t y  r e q u i r e m e n t s  are usual ly  an order  of  magni tude more s t r i n -  
gent  than  those  for  the  propuls ion  cont ro l  of  a mul t i eng ined  a i r c ra f t .  In  the  
VTOL app l i ca t ion  the  soph i s t i ca t ed  powerp lan t  w i l l  be  an  in tegra l  e lement  of  the  
f l i g h t  c o n t r o l  f o r  t h e  ver t ica l  mode of f l i g h t .  Thus t h e  r e q u i r e d  e l e c t r o n i c  
p ropu l s ion  con t ro l l e r  w i l l  have  to  meet t h e  same r e l i a b i l i t y  r e q u i r e m e n t s  as t h e  
f l i g h t  c o n t r o l  ( p o s s i b l y  g r e a t e r  t h a n  106 h r ) .  A c h i e v i n g  s u c h  h i g h  r e l i a b i l i t y  
w i th  the  p ropu l s ion  con t ro l  w i l l  d e f i n i t e l y  demand many technology advancements. 
The n e x t  s e c t i o n s  d e s c r i b e  t h e  r o l e  t h e  L e w i s  Research Center w i l l  p l a y  i n  t h i s  
technology endeavor. 
LEWIS PROPULSION CONTROL RESEARCH 
The main t h r u s t  of t h e  L e w i s  Research Center  propuls ion controls  research 
a c t i v i t y  t h e n  is  to  deve lop  t echno logy  fo r  enhanc ing  the  r e l i ab i l i t y  o f  fu tu re  
a i r c ra f t  powerp lan t  con t ro l  sys t ems .  In  terms o f  ou r  ro l e  as a Government re- 
sea rch  o rgan iza t ion ,  w e  w i l l  iden t i fy  the  technology oppor tuni t ies  and  then  
concent ra te  on t h o s e  t h a t  are h i g h  r i s k  b u t  p o t e n t i a l l y  o f f e r  a high payoff .  
These are t h e  areas f o r  wh ich  indus t ry  has  d i f f i cu l ty  ju s t i fy ing  the  expend i tu re  
of t h e i r  own r e sea rch  funds .  In  these  areas of  opportuni ty  w e  are ta lk ing  about  
technology that  would e n t e r  i n t o  s e r v i c e  i n  t h e  1990's and  beyond. 
F igure  5 shows the  technology oppor tuni t ies  as w e  pe rce ive  them f o r  en- 
h a n c i n g  t h e  r e l i a b i l i t y  of fu ture  propuls ion  cont ro l  sys tems.  A s  shown i n  t h e  
f igure the major  e lements  making up an  advanced  con t ro l  f a l l  i n to  fou r  ca t egor -  
ies: (1) sensors   and   ac tua tors ,  (2) computer, ( 3 )  c o n t r o l  modes and  software,  
and ( 4 )  power sources .  Power sources  is  an  important  area of technology  needing 
advances. However, because of  l imited resources  i t  i s  not  being  pursued by 
L e w i s .  The remaining three categories ,  however ,  each have act ivi ty  being pur-  
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sued by L e w i s .  A b r i e f  comment on each of t he  subca tegor i e s  o f  f i gu re  5 w i l l  be  
made, with heavier emphasis on those  areas p e r t a i n i n g  t o  some aspec t  of  cont ro l  
theory  or  ana ly t ica l  methods .  
In  the  senso r  and  ac tua to r  ca t egory ,  work is being pursued to  minimize the 
problems associated with merging the real analog world that  must be sensed and 
ac t ed  upon wi th  the  d ig i t a l  computa t ions  o f  t he  con t ro l .  Senso r s  are being de- 
ve loped  tha t  w i l l  have outputs which can more eas i ly  be  accep ted  by t h e   d i g i t a l  
computer ,   thus   s implifying  the  interface  complexi ty .  I n  a d d i t i o n ,   t h e   p o t e n t i a l  
advantages of o p t i c a l  d e v i c e s  are being explored in  hopes of  operat ing more re- 
l i a b l y  i n  h i g h  e lectr ical  noise  environments  and/or  in  high-temperature  
s i t u a t i o n s .  
In the computer category, a ca re fu l  l ook  is being taken a t  the p o t e n t i a l  
t ha t  ve ry  l a rge - sca l e ,  i n t eg ra t ed  (VLSI) c i r c u i t  components  have in  enhancing  
r e l i a b i l i t y .  The areas inc lude  the  use  o f  mul t ip l e  p rocesso r s  e i the r  r edun-  
d a n t l y  o r  i n  some modular  reconfigurat ion scheme to  ach ieve  a f a u l t - t o l e r a n t  
control computer.  Also being pursued is t h e  v i a b i l i t y  of op t ica l  computers  a s a  
possible   candidate   for   the  host i le   engine  environment .   This ,   however ,  i s  a 
long-range technology that i s  no t  expec ted  to  ma tu re  fo r  qu i t e  some t i m e .  
The category of c o n t r o l  modes and software is  most c l o s e l y  r e l a t e d  t o  t h e  
items t h a t  were t h e  c e n t r a l  theme  of t h e  1979 Propuls ion Controls  Symposium. A s  
s t u d i e d  i n  r e l a t i o n  t o  t h e i r  a p p l i c a b i l i t y  t o  t h e  t u r b i n e  e n g i n e  c o n t r o l  prob- 
l e m .  These  include  both time domain  and  frequency domain approaches.  Some have 
been extensively invest igated,  such as t h e  l i n e a r  q u a d r a t i c  r e g u l a t o r  (LQR) ap- 
proach  used  in  the  FlOO MVCS program.  Others  have  not  been so  exhaus t ive ly  
evaluated.  
. s t a t e d  ear l ie r  a number  of l inear  mult ivar iable  design techniques have been 
FUTURE LEWIS CONTROL THEORY RESEARCH 
Future  e f for t s  in  mul t ivar iab le  des ign  sponsored  by L e w i s  w i l l  concen t r a t e  
on nonl inear  des ign  techniques .  The i n t e n t  i s  t o  a v o i d  t h e  somewhat t e d i o u s  o r  
cumbersome design methodology based s t r ic t ly  on l inear  techniques .  L inear  
opera t ing-poin t  des igns  requi re  some i n t e l l i g e n t  way t o  t i e  toge the r  a family of 
l i nea r  con t ro l  des igns  based  on a series of  wel l -def ined operat ing points .  A 
nonlinear ,  mult ivar iable  methodology could s implify the control  design task by 
r equ i r ing  ju s t  one  des ign  o r ,  a t  l eas t ,  by minimizing the number of operating- 
poin t  des igns .  
To make use  of  redundant  or  reconf igurable  hardware  a rch i tec tures ,  re l iab le ,  
f au l t - to l e ran t  so f tware  a lgo r i thms  must be  s tud ied .  Along w i t h  t h a t  w i l l  be 
work  on s e n s o r - a c t u a t o r  f a i l u r e  d e t e c t i o n ,  i s o l a t i o n ,  and  accommodation  algo- 
rithms. Success   of   this   technology  depends upon the  inherent   computat ional  
power  of t h e  computer t o  minimize the redundancy requirements on c r i t i ca l  sen- 
so r s  and  ac tua to r s .  
Much of t h e   f a i l u r e  accommodation work w i l l  be  based on pr inciples  of  sys-  
tem iden t i f i ca t ion .  Iden t i f i ca t ion  t echn iques  pe rmi t  t he  pa rame te r=  o f  ana ly -  
t i ca l  models t o  be  de t e rmined  fo r  t he  sys t em be ing  iden t i f i ed .  These  mode l scan  
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be  ident i f ied  f rom da ta  obta ined  f rom exper iments  or  f rom exerc is ing  a simula- 
t i o n  of the  p rocess  i n  ques t ion .  Models are n e c e s s a r y  t o  make use of  r igorous 
cont ro l  des ign  procedures  as w e l l  as t o  d e t e r m i n e  f a i l u r e s  of system components. 
E f f o r t  w i l l  be  d i rec ted  toward  improving  the  accuracy  of  ident i f ica t ion  tech-  
n iques  and  enhanc ing  the  capab i l i t y  o f  i den t i fy ing  in  real time. These  improve- 
ments w i l l  a l l o w  f o r  t h e  f u t u r e  u s e  o f  a d a p t i v e  c o n t r o l  s t r a t e g i e s .  
CONCLUDING REMARKS 
I n  summary, then, i t  s h o u l d  b e  r e i t e r a t e d  t h a t  t h e r e  are a number  of  tech- 
no logy  needs  be fo re  r e l i ab le  d ig i t a l  con t ro l  o f  advanced  a i r c ra f t  powerp lan t s  
can become a r e a l i t y .  A number of  these  needs  are being pursued under L e w i s  
Resea rch  Cen te r  d i r ec t ion .  In  the  spec i f i c  area o f  con t ro l  t heo ry  r e sea rch ,  
emphasis is on s implif ied control  design procedures  and on so f tware  tha t  w i l l  
guarantee   re l iab le   opera t ion   even   under   condi t ions  of component f a i l u r e s .  T h i s  
work w i l l  cont inue through a combina t ion  of  un ivers i ty  gran ts ,  cont rac ts  wi th  
industry,  and in-house evaluat ions.  
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